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ABSTRACT 
Colonial bentgrass (Agrostis capillaris L.) is a cool-season perennial grass. It is of 
great importance because it is adapted to fairways and tees of golf courses, and it 
has good low temperature hardiness and medium shade tolerance. Rough bluegrass 
(Poa trivialis L.) is a cool-season grass grown for sports fields, home lawns, and also 
winter overseeding on warm-season turf in southern United States. Our objective 
was to analyze genetic variation among each 27 accessions of rough bluegrass and 
colonial bentgrass by using randomly amplified polymorphic DNA (RAPD) 
markers. For colonial bentgrass, the Jaccard's similarity coefficients ranged from 
0.13 to 0.72 based on RAPD data. The unweighted pair group method with 
arithmetic average (UPGMA) dendrogram clearly separated 26 out of 27 accessions 
into 3 clusters. A high cophenetic correlation coefficient (r = 0.82) indicated a good 
fit between the RAPD data matrix and cophenetic matrix. For rough bluegrass, the 
Jaccard's similarity coefficients ranged from 0.07 to 0.74 based on RAPD data. The 
UPGMA dendrogram revealed that 26 out of 27 accessions were clustered in 4 
different clusters. The cophenetic correlation (r) value of 0.90 indicated a very good 
fit between data matrix and the cluster analysis. The clustering patterns of principal 
components analysis (PCA) corresponded well with the dendrograms in both 
colonial bentgrass and rough bluegrass. Since there was no similarity coefficient 
Vlll 
value close to one between any two accessions there was no duplication of 
accessions in colonial bentgrass and rough bluegrass germplasm collection. 
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CHAPTER 1. GENERAL INTRODUCTION 
Colonial bentgrass (Agrostis capillaris L.) is cool-season perennial grass that is 
native to temperate Asia and Europe and distributed throughout the world 
especially in North and South America, Australia, and New Zealand (Hubbard, 
1984). It has fine textured leaves with prostrate growth habit and spreads by short 
rhizomes and stolons (Christians and Engelke, 1994). Colonial bentgrass belongs to 
the Poaceae family and is a tetraploid (2n= 4x = 28) with its genome composition 
listed as A1 A1 A2 A2 or A2 A2 A2 A2 (Clark et al., 1989). Rough bluegrass (Poa trivial is 
L.) is a cool-season perennial grass that is native to Northern Europe, temperate 
Asia, and North Africa and was introduced into Australia and North and South 
America (Hubbard, 1954). It has light green, moderately fine textured leaves and 
spreads by leafy stolons. Rough bluegrass belongs to the Poaceae family and is a 
cross-pollinated species with 14 chromosomes (Ahmed et al., 1972). 
Uses of colonial bentgrass and rough bluegrass 
Colonial bentgrass is used on golf course fairways and tees in Europe, North 
America, Japan and New Zealand (Beard, 1973; Hubbard, 1984; Oohara, 1977). 
Compared to creeping bentgrass, colonial bentgrass has better dollar spot resistance 
(Plumley et al., 2000) and better wear resistance under fairway and tee conditions 
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(Brilman, 2001). Rough bluegrass can tolerate lower mowing heights than Kentucky 
bluegrass (Christians, 2004). It has excellent low temperature hardiness among all 
turfgrasses. Rough bluegrass is used for winter overseeding on dormant warm 
season turfgrasses in southern U.S. and it forms the highest-quality turf among all 
turfgrasses (Christians, 2004). 
Issues to be addressed 
Despite these advantages, these two species exhibit problems that need to be 
addressed before they can be utilized extensively in the turf industry. Colonial 
bentgrass also has poor heat and drought tolerance. Rough bluegrass has poor heat, 
drought and wear tolerance and it also has the seed shattering problem. These 
concerns caused the two species to be under utilized in the turf industry. Breeding 
efforts aiming to improve these traits will make these species more attractive. 
However, little information on genetic variation, particularly molecular marker data 
in the two species is available. This information is needed for selecting parents for 
making crosses and for ecotype selection. 
RAPD marker analysis 
Polymerase Chain Reaction (PCR) based markers such as Randomly 
Amplified Polymorphic DNA (RAPD) markers are widely used for analyzing 
genetic diversity, finding duplication of accessions, and selecting parents for 
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hybridization. RAPD marker analysis has been successfully used in many grasses 
that include buffalograss [Buchloe dactyloides (Nutt.) Engelm.] (Huff et al., 1993), 
perennial ryegrass (Lolium perenne L.) (Sweeny and Danneberger, 1997); therefore, 
we decided to use RAPD markers for analyzing genetic diversity in rough bluegrass 
and colonial bentgrass in order to provide important genetic information for 
breeding uses. 
USDA germplasm collection 
Currently, USDA maintains and distributes the rough bluegrass and colonial 
bentgrass germplasm collected from countries around the world to the research 
community. Many of the accessions have not been characterized either 
morphologically or genetically. Morphological characters are often influenced by 
environmental conditions and by genotype x environment interactions. DNA 
fingerprinting techniques that include RAPD marker analysis, however, are not 
influenced by the environment and thus can provide reliable information on genetic 
diversity and can be used to identify duplicated accessions. 
Objective 
The objective of this research is to analyze the genetic diversity of the 27 
rough bluegrass and 27 colonial bentgrass accessions by using RAPD markers. 
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Thesis Organization 
This thesis is organized into four chapters. Chapter one contains a general 
introduction to this research. The second and third chapters are manuscripts that 
are to be submitted to Genetic Resources and Crop Evolution. The fourth chapter is the 
general conclusion. 
5 
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CHAPTER 2. ANALYSIS OF GENETIC DIVERSITY IN COLONIAL 
BENTGRASS (AGROSTIS CAPILLARIS L.) BY USING RANDOMLY 
AMPLIFIED POLYMORPHIC DNA (RAPD) MARKERS 
A paper to be submitted for publication to Genetic Resources and Crop Evolution 
Shanmugam Rajasekar, Shui-zhang Fei, and Nick E.Christians 
Abstract 
Colonial bentgrass (Agrostis capillaris L.) is a cool-season, sod-forming perennial 
grass. It originates from temperate Asia and Europe. It is of great importance 
because it is adapted to fairways and tees of golf courses, and it has good low 
temperature hardiness and medium shade tolerance. Little information is available 
regarding the genetic variation of colonial bentgrass, which will be useful for 
selection of parents for hybridization and selection of ecotypes for breeding 
programs. To study the genetic relationships among 27 colonial bentgrass 
accessions obtained from USDA germplasm collection, randomly amplified 
polymorphic DNA (RAPD) marker analysis was used. Out of eighty primers 
screened, sixteen primers were selected that yielded 120 polymorphic bands to 
differentiate 27 colonial bentgrass accessions. The Jaccard's similarity coefficients 
8 
used for RAPD data analysis ranged from 0.13 to 0.72. Since there was no similarity 
coefficient value close to 1 between any two accessions, there was no duplication of 
accessions in this germplasm collection. The unweighted pair group method with 
arithmetic average (UPGMA) dendrogram clearly separated 27 accessions into three 
clusters. The lowest genetic similarity coefficient was found between the accessions 
PI 204397 from Turkey and PI 628720 from Bulgaria. The highest genetic similarity 
coefficient was found between the accessions of PI 509437 from Romania and PI 
491264 from Finland. The clustering patterns of principal components analysis 
(PCA) corresponded well with the dendrogram. A high cophenetic correlation (r = 
0.82) was found between the RAPD data matrix and cophenetic matrix. 
Introduction 
Colonial bentgrass (Agrostis capillaris L.) is a cool-season perennial grass that 
has various common names that includes colonial bentgrass, browntop (also written 
as brown top) and also appears in the literature as Agrostis tenuis Sibth. (Casler and 
Duncan, 2003; Watson and Dallwitz, 1992). It originates from temperate Asia and 
Europe. Colonial bentgrass is distributed throughout the world especially in North 
and South America, Australia, and New Zealand (Hubbard, 1984). It is an open 
pollinated species and belongs to the Poaceae family. Colonial bentgrass is a 
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tetraploid (2n= 4x = 28) with its genome composition listed as AI AI A2 A2 or A2 A2 A2 
A2 (Clark et al., 1989), butthe bivalents that formed during meiosis behaved as a 
segmental allotetraploid (Jones, 1955). Colonial bentgrass has fine textured leaves 
with prostrate growth habit that forms sod and spreads by short rhizomes and 
stolons (Christians and Engelke, 1994). Some of the colonial bentgrass is often 
confused with creeping bentgrass. It differs from the creeping bentgrass in two 
aspects: creeping bentgrass doesn't produce rhizomes and it readily form roots from 
the nodes whereas colonial bentgrass produce rhizomes and doesn't produce roots 
at nodes (Christians and Engelke, 1994). 
Colonial bentgrass is mainly used for erosion control and recently it has been 
used on fairways and tees in golf courses in Europe, North America, Japan and New 
Zealand (Beard, 1973; Hubbard, 1984; Oohara, 1977). Christians (2004) reported that 
colonial bentgrass is not well adapted to low mowing heights but performs well at a 
mowing height of 1.27 em and thus is better suited to golf course fairways than to 
greens. Based on the morphological classification, colonial bentgrass is synonymous 
with other species including highland bentgrass, A. alba var vulgaris (With.) Coss 
and Durieu (Casler and Duncan, 2003), and dryland bentgrass (A. castellana L.) 
(Brilman, 2001) and this leads to confusion in classification of colonial bentgrass. 
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Colonial bentgrass ranked as one of the most cold-tolerant cool-season 
turfgrasses (Carroll, 1943). It has good tolerance to acidic soil (Casler and Duncan, 
2003) and moderate shade compared to other Agrostis species (Beard, 1969; Chesnel 
et al., 1977). Colonial bentgrass has better resistance to dollar spot than creeping 
bentgrass (Plumley et al., 2000). Compared to creeping bentgrass, colonial bentgrass 
has better wear resistance under fairway and tee maintenance standards (Brilman, 
2001). Susceptibility to heat and drought and proneness to thatch are to be 
addressed for the improvement of this species. 
Morphological characters of a species are often influenced by factors that 
include environmental conditions and by genotype x environment interactions; 
therefore morphological characterization alone cannot provide accurate information 
about the identity of the species. DNA fingerprinting techniques are not influenced 
by environmental conditions and therefore can be used to provide reliable results on 
genetic diversity, selection of parents for hybridization, and identification of 
duplicated accessions. Polymerase Chain Reaction (PCR) based markers such as 
Randomly Amplified Polymorphic DNA (RAPD) marker analysis is a fast, easy and 
relatively simple method to assess genetic diversity. This technique requires only a 
small amount of genomic DNA and can produce high polymorphism. RAPD marker 
analysis has been used for analyzing genetic diversity in many species such as 
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perennial ryegrass species (Huff, 1997) and Turkish sesame (Ercan et al., 2004). 
RAPD markers were also used to develop Sequence Characterized Amplified 
Region (SCAR) markers which can be used to differentiate between species based on 
the species-specific markers produced (Scheef et al., 2003). In many plant species, 
RAPD markers have been used for analyzing interspecific and intraspecific 
variations (Bai et al., 1998; Fu et al., 2002). Little information is available regarding 
the genetic variation in colonial bentgrass. Our main objective of this study is to 
analyze the genetic diversity of 27 accessions of colonial bentgrass by using RAPD 
markers. 
Materials and Methods 
DNA extraction 
Seeds of 14 cultivars and 13 accessions of colonial bentgrass were obtained 
from Western Regional Plant Introduction Station (WRPIS), USDA, Pullman, WA. 
The geographic origin, plant introduction numbers, and cultivar names of colonial 
bentgrass were given in Table 1. Genomic DNA was extracted from young leaves of 
10 plants for each accession as described by Dellaporta et al. (1983) with some 
modifications. The genomic DNA extracted was bulked together for analysis of 
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genetic diversity among accessions. The quantity and quality of genomic DNA was 
checked by both spectrophotometer and gel electrophoresis. 
RAPD analysis 
PCR was performed in a Flexigene thermalcycler (Techne Ltd., U.K). 
Amplification reactions were performed based on the protocol of Williams et al. 
(1990) with some modifications. PCR reaction mixtures of 25 111 contained l)ll of 20 
ng template DNA, 2 111 of 2.5mM dNTP (Invitrogen, Carlsbad, CA), 1.5 111 of 50mM 
MgCh, 0.4 111 of random 10-mer primer (Operon technologies, Alameda, CA), 1.0 unit 
Taq DNA polymerase (Invitrogen, Carlsbad, CA), 2.5 111 of lOx PCR buffer (200mM 
Tris-HCl, 500mM KCl, pH 8.0) and 17.4 111 of distilled deionized water. 
Amplifications were performed as follows: 1 cycle of initial denaturation of 1 min at 
91 °C, 15 sec at 40 °C, 70 sec at 72 °C, followed by 40 cycles of 15 sec at 91 °C, 15 sec at 
40 °C, 70 sec at 72 °C, followed by a final extension of 8 min at 72 °C and kept at 4 °C. 
The PCR fragments were electrophoresed through 1.5 % agarose gel, stained with 
ethidium bromide along with a 100 bp DNA ladder as a standard molecular weight 
size marker. The agarose gels were visualized under UV light and printed on a 
thermal paper. PCR reactions were repeated twice and only polymorphic and 
repeatable bands were scored. 
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Primer screening and RAPD data analysis 
Eighty primers were screened for polymorphisms against a subset of four 
randomly chosen accessions and sixteen primers were selected based on the banding 
patterns produced. Polymorphic bands were considered as binary characters and if 
the band is present it is scored as "1" and if it is absent it is scored as "0" for each 
genotype and these scores were entered into a matrix. Data matrices were entered 
into Numerical Taxonomy and Multivariate Analysis System, NTSYS v.2.11s 
program (Rohlf, 2000). The data were analyzed using the SIMQUAL option based 
on Jaccard's coefficients to generate genetic similarity coefficients which were 
ordered in a similarity matrix (Jaccard, 1908). The similarity matrix was run on 
Sequential, Agglomerative, Hierarchical and Nested (SAHN) clustering (Sneath and 
Sokal, 1973) using Unweighted Pair Group Method with Arithmetic average 
(UPGMA) as an option to generate a dendrogram (Sokal and Michener, 1958). The 
MxCOMP subroutine was used to calculate cophenetic correlation between the 
similarity matrix and original matrix to measure goodness of fit. 
Principal components analysis (PCA) was performed using SIMINT to 
generate a correlation matrix. This matrix was run on EIGEN to identify the eigen 
vectors and the relationships between the accessions were interpreted as closeness of 
angles from the origin. This multivariate approach was chosen to complement the 
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cluster analysis information, because cluster analysis is more sensitive to closely 
related individuals, whereas PCA is more informative regarding distances among 
major groups (Hauser and Crovello, 1982). 
Results 
Sixteen primers produced 150 bands, of which 120 were found to be 
polymorphic (85%) with an average of 7.5 polymorphic bands per primer. The 
largest number of polymorphic bands (10) was obtained for primer C15, and the 
lowest number of bands (4) was obtained for primer A14. All RAPD primers 
produced a few faint bands, but these bands were not scored for analysis. The 
genetic similarity matrix was produced from the RAPD data using the Jaccard's 
coefficients and was listed in Table 2. Dendrogram was generated from UPGMA 
cluster analysis using the RAPD data (Fig.1). A cophenetic-value (ultrametric) 
matrix was generated from the similarity coefficients matrix of SAHN' s cluster 
analysis and the cophenetic correlation coefficient was calculated (r = 0.82) as a 
measure of goodness of fit between data matrix and cophenetic matrix based on 
RAPD data. 
The dendrogram divided the 26 accessions into 3 clusters and 1 accession PI 
628720 did not group with any other clusters. Cluster 1 has 16 accessions and it was 
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further divided into 3 groups. Group 1 includes 3 cultivars PI 420236 ('Parys'), PI 
494121 ('Bardot'), PI 494120 ('Tendenz'), and 5 accessions, PI 440109, PI 325194, PI 
509437, PI 491264, and PI 252045. Group 2 has 3 cultivars PI 469217 ('Highland'), PI 
600936 ('Duchess'), PI 237717 ('Odenwalder') and 1 accession PI 290708. Group 3 
has 1 cultivar PI 420235 ('Goginan'), and 3 accessions, PI 538785, PI 325192, and PI 
392338. Cluster 2 has 1 cultivar PI 578527 ('Astoria'), and 7 accessions that include 
PI 171470, PI 172698, PI 311011, PI 234685, PI 235617, PI 204397, and PI 206626. In 
cluster 3, there were 1 cultivar PI 578528 ('Exeter') and 1 accession PI 283173. One 
accession PI 628720 produced unique bands from other accessions and did not form 
group with any other clusters. 
The Jaccard's genetic similarity coefficients ranged from 0.13 to 0.72 (Table 2). 
This indicates the existence of high genetic variability in the germplasm collection. 
The higher the value of similarity matrix, the more genetically closer the accession 
and vice-versa. The highest genetic similarity coefficient, 0.72, existed between 
accessions PI 509437 (Romania) and PI 491264 (Finland) and the lowest genetic 
similarity coefficient, 0.13, existed between the accessions PI 628720 (Bulgaria) and 
PI 204397 (Turkey). 
Associations between 27 accessions were also revealed by PCA (Fig 2). In 
PCA, 27 accessions were separated into two groups, in which group 1 has all the 
16 
accessions from clusters 1 and 3 and group 2 has all the accessions from cluster 2 of 
the dendrogram. Overall the grouping pattern in the PCA corresponded well with 
clustering pattern in the dendrogram. Similar to the dendrogram, the accession PI 
628720 from Bulgaria did not group with any other accessions in the PCA. This 
further shows that this accession is genetically distinct from other accessions. 
Discussion 
There were very few studies that used molecular markers to study the genetic 
variation in Agrostis species (Vergara and Bughrara, 2003). Many researchers have 
proved that bulked DNA samples were more efficient than individual samples in 
assessing genetic diversity of several outcrossing species (Yu and Pauls, 1993; Kraft 
and Sall, 1999; Young-Goo et al., 2002). RAPD markers generated a wide range of 
genetic variation in the colonial bentgrass accessions. 
There is confusion in recognizing the colonial bentgrass accessions and 
cultivars from other related species that include dry land bentgrass (A. castellana L. ). 
Steiner and Lupoid (1978) proposed to reclassify colonial bentgrass cultivars 
'Highland' and 'Exeter' to A. castellana based on the results of presence and angle of 
basal hairs and awn types, and other characteristics. Brilman (2001) stated that these 
two cultivars 'Exeter' and 'Highland' differs from the rest of the colonial bentgrass 
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accessions based on their color, growth forms, cultural requirements, and 
chromosome numbers. The author suggested that the cultivars 'Highland' and 
'Exeter' should be placed in A. castellana and not with A. capillaris. From our results, 
it showed that these two cultivars clustered with A.capillaris accessions PI 290708 
and PI 283173. Therefore our results did not support the reclassification of these 
cultivars to A. castellana. Our results were consistent with the results from Vergara 
and Bughrara (2003) who proved that these cultivars should not be placed in A. 
castellana but with A. capillaris accessions based on Amplified Fragment Length 
Polymorphism (AFLP) analysis. In addition, isozyme analysis also proved that 
these two cultivars 'Highland' and 'Exeter' could not be differentiated from other A. 
capillaris accessions (Yamamoto and Duich, 1994). 
The cultivars of colonial bentgrass from the U.S ('Highland', 'Exeter', and 
'Astoria') were clustered with accessions from Europe (Fig. 1). For example, in 
group 2 of cluster 1, accession PI 469217 from the U.S was clustered with accession 
PI 290708 from the United Kingdom. In cluster 3 the accession PI 578528 from the 
U.S. clustered with accession PI 283173 from Czechoslovakia. These clusterings 
were not surprising because these cultivars were selected and bred from the 
accessions that were brought into the U.S from Europe (Vergara and Bughrara, 
2003). This shows that even though these accessions were acclimatized to different 
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environmental conditions and caused morphological variation, still they retain their 
genetic similarity to the accessions of European origin. 
The cophenetic correlation coefficient (r = 0.82) was interpreted as good fit 
because a cophenetic correlation coefficient of 0.80 and above is considered as a 
good representation of data matrix in the dendrogram (Romesburg, 1990). Since 
there was no similarity coefficient value close to 1 between any two accessions, there 
were no duplicated accessions in this germplasm collection. 
Based on the Jaccard's similarity coefficients, the closest pair was PI 509437 
(Romania) and PI 491264 (Finland). These two accessions were collected from 
Europe and high gene flow rate between these two countries could have resulted in 
high similarity coefficient value. It is very interesting that the lowest similarity 
coefficient value existed between accessions PI 628720 (Bulgaria) and PI 204397 
(Turkey), because these two countries were geographically close to each other. The 
accession PI 628720 has a unique banding pattern produced from nine primers. This 
banding pattern could have caused the high genetic variation. Because the accession 
PI 628720 did not cluster with any other colonial bentgrass accessions, and has high 
genetic variation with unique banding pattern, it could be a misidentified accession. 
During the maintenance of plant introductions, the isolation distance, human or 
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other contamination factors could have caused the colonial bentgrass seeds to be 
mixed with other species. 
In group 2 of cluster 1, 3 accessions from Europe were clustered with 1 
accession from the U.S. This is because the US accessions were introduced from 
Europe primarily from the seed harvested from mixed stands of bentgrass species 
(Brilman, 2001). In cluster 2, the clustering pattern of the accessions was closely 
related to their country of origin. For example two accessions PI 171470 and PI 
172698 from Turkey were clustered and two accessions PI 234685 and PI 235217 
from Europe were clustered. These clustering were also consistent with the results 
fromPCA. 
Since the RAPD markers revealed a high level of genetic diversity among 
these 27 accessions, the accessions with low similarity coefficients can be used for 
selection of parents for hybridization and other breeding programs. Thus the RAPD 
analysis can be used for analyzing genetic diversity, duplication of accessions, and 
for selection of parents for breeding programs. The present study assessed a limited 
number of accessions and cultivars of colonial bentgrass and in the future, studies 
could include more accessions and cultivars and analysis of morphological 
characteristics. The comparison of morphological characteristics with genetic data 
could reveal in-depth information about the colonial bentgrasses. 
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Table 1. List of Plant Introductions (PI) and their country of origin of colonial 
bentgrass (A. capillaris). 
RAPD 
numbert PI number Country of Origin 
1 420236 United Kingdom I Parys 
2 440109 Russia 
3 469217 United States I Highland 
4 325194 Russia I S-157 
5 494121 Netherlands I Bardot V 430 
6 509437 Romania 
7 494120 Germany I Tendenz 
8 491264 Finland I HJA 166 
9 171470 Turkey 
10 172698 Turkey 
11 204397 Turkey 
12 283173 Czechoslovakia 
13 628720 Bulgaria I B96-258 
14 578528 United States I Exeter 
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Table 1. (Cont.) 
15 252045 Italy 
16 290708 United Kingdom 
17 311011 Romania 
18 600936 United Kingdom I Duchess 
19 237717 Germany I Odenwalder 
20 578527 United States I Astoria 
21 538785 Russia I AJC- 065 
22 325192 Russia I S-190 
23 206626 Turkey 
24 234685 Denmark 
25 235217 Sweden 
26 420235 United Kingdom I Goginan 
27 392338 Uzbekistan 
t RAPD No.= assigned sample number for accessions in the RAPD analysis. 
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Table 2. Pair-wise genetic similarity matrix between 27 colonial bentgrass 
accessions based on Jaccard's coefficients. 
R.APD 2 3 4 5 6 7 B 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 
number • 
1 100 
2 0 66 100 
3 0 54 056 1.00 
4 053 0.48 053 100 
5 0.59 0.55 0.56 0.64 100 
6 0.58 0.64 0.49 0.67 0.64 1.00 
7 0.59 053 0.55 053 059 0.62 100 
8 059 0.63 0.62 0.60 0.69 0.72 0.63 1.00 
9 0.44 0.34 0.44 0.38 0.41 0.36 052 0.43 1m 
10 058 046 056 050 052 049 0.62 056 0.67 1.00 
~·~"~~ ''""<"•'- 'm~'mO~ 
11 0.43 0.35 0.35 0.35 0.33 0.35 0.42 0.31 0.53 0.54 1.00 
12 036 031 0 34 0 37 032 032 033 0.34 0.28 0.44 0.29 1.00 
13 0.26 0.30 0.25 0.29 0.30 0.29 0.30 0.29 0.22; 0.27: 0.13 0.20 1.00 
14 045 038 044 0.40 0.39 0.41 041 0.39 0.35 0.39 0.26 0.38 0.18 1.00 
15 056 0.48 047 0.51 0.54 055 0.60 0 54 0.39' 0.48 0.30 0.38 0 29 055 1.00 
16 0.46 0 44 0 61 050 048 047 049 0.54 0.40 0.51 0.31 0.30 0.26 0.46 052 1.00 
17 040 0.42 042 0.44 0.45 045 0.53 046 0.45 0.58. 049 039 0.28 032 048 047 1.00 
18 0 54 0.49 050 048 058 059 0.52 0.64 0.40 055 036 032 0.27 0.39 052 059 0.49 1.00 
19 0.51 0.53 0.52 045 0.56 055 053 059 0.46 058 0.42 0.34 0.30 0.41 055 056 056 0 66 1.00 
20 0.43 0.36 0.45 041 042 0.42 057 0.44 0.55 0.58 0.54 0.31 0.25 0.32 043 0.44 058 0.49 0.49 1.00 
21 0.41 0.43 04J 056 050 051 0.42 050 0.31 0.44 0.28 0.43 0.29 0.34 046 0.39 040 053 052 0.33 1.00 
22 0.38 0.35 047 055 0.44 046 042 044 0.30 048 0.35 043 0 21 0.32 0.39 042 0.42 050 049 041• 058 1.00 
23 0.30 0.30 0.37 0.30 0.30 0.33 042 0.35 0 44 042 049 0.22 0 25 0.24 0 28 0.35 044 0 34 0.38 0.54 0.25 0.33 1.00 
24 0.46 044 048 046 0.43 0.49 051 
25 0.41 0.38 0.47 0.40 0.39 0.39 0.48 0.42 0.49 058 041 0.40 0.32 0.37 0.41 0.44 051 0.49 049 055 045 045 0.41 0.63 1.00 
26 049 0.48 056 0.50 0.48 0.49 051 0.52 0.39 053 0.33 0.34 0.30 0 44 048 047 042 051 0 61 0.43 0.48 0.50 0.41 047 0.49 1.00 
27 040 040 048 050 047 046 051 0 44 0.29 042 0.28 0.31 0.33 0.36 0.41 0.46 0.37 0.43 0.48 0.39 046 056 0.35 042 0.38 0.63 1.00 
*See Table 1. for the identification of accessions/cultivars. 
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Fig 1. UPGMA dendrogram of 27 accessions of colonial bentgrass based on the 
RAPD data. The dendrogram was constructed using the Jaccard's similarity 
coefficients matrix. 
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Fig 2. Association between 27 colonial bentgrass accessions revealed by PCA using 
the Jaccard's similarity coefficients based on the RAPD data. The eigenvectors are 
plotted for 27 accessions and the association between them is interpreted as 
closeness of angles from the origin. 
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CHAPTER 3. ANALYSIS OF GENETIC DIVERSITY IN ROUGH 
BLUEGRASS (POA TRIVIALIS L.) BY USING RANDOMLY 
AMPLIFIED POLYMORPHIC DNA (RAPD) MARKERS 
A paper to be submitted for publication to Genetic Resources and Crop Evolution 
Shanmugam Rajasekar, Shui-zhang Fei, and Nick E.Christians 
Abstract 
Rough bluegrass (Poa trivialis L.) is a cool-season grass grown for sports fields, 
home lawns, and also overseeding on warm-season turf in winter. Information on 
genetic variation among accessions of rough bluegrass is needed for selection of 
parents for hybridization and for other breeding programs. Our objective was to 
analyze genetic variation among 27 accessions of rough bluegrass by using 
randomly amplified polymorphic DNA (RAPD) markers. Fifteen out of 80 primers 
screened generated 64 highly repeatable polymorphic bands. The unweighted pair 
group method with arithmetic average (UPGMA) dendrogram revealed that 26 out 
of 27 accessions were clustered in 4 different clusters. The genetic similarity 
coefficients calculated from the RAPD data ranged from 0.07 to 0.74. The lowest 
genetic similarity coefficient of 0.07 existed between the accession PI 254908 from 
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Iraq and the accessions PI 594396 from United States, PI 250982 from Yugoslavia, 
and PI 229782 from Iran. The highest genetic similarity coefficient of 0.74 existed 
between the accession PI 225826 from Denmark and the accessions PI 289643 from 
Spain, PI 592521 from the United States. The cophenetic correlation coefficient (r) 
was 0.90, which indicated a very good fit between data matrix and similarity 
coefficients. Principal components analysis (PCA) clearly separated 27 accessions on 
the two axis. PCA clustering pattern corresponded well with the dendrogram. The 
accession PI 254908 from Iraq did not group with any other cluster in the 
dendrogram and also in the PCA. Thus this study provides valuable information on 
genetic variation in these germplasm collections that will be useful for breeding 
programs. 
Introduction 
Rough bluegrass is a cool-season perennial grass and is best adapted to grow 
in moist and shaded areas. It is native to Northern Europe, temperate Asia and 
North Africa and was introduced into Australia and North and South America 
(Hubbard, 1954). Rough bluegrass has moderately fine textured, light green leaves 
and form medium dense turf. This grass spreads by leafy stolons and found in soils 
with a pH range of 5-8 (Casler and Duncan, 2003). It is a diploid, cross-pollinated 
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species with somatic chromosome number of 2n=2x= 14 and belongs to the Poaceae 
family (Ahmed et al., 1972). Rough bluegrass is an important turfgrass species in the 
Poa genus along with Kentucky bluegrass (Poa pratensis L.) and annual bluegrass 
(Poa annuaL.). It germinates rapidly with good seedling vigor and displays good 
color retention among the cool-season turfgrasses (Casler and Duncan, 2003; Grime, 
1980). 
Winter overseeding of rough bluegrass on dormant warm-season turfgrasses 
forms the highest-quality turf among the cool-season turfgrasses in the southern 
United States (Christians, 2004). Rough bluegrass can provide excellent putting 
surface on greens during winter season (Casler and Duncan, 2003). It has excellent 
low temperature hardiness among all turfgrasses. Because it is stoloniferous, it can 
tolerate lower mowing heights than Kentucky bluegrass (Christians, 2004). Rough 
bluegrass is best used as a shade-lawn grass on moist soils. Because of poor heat, 
drought, and wear tolerance, rough bluegrass is not widely used in the turf 
industry. 
Compared to other turfgrass species, little is known about the genetic 
diversity of rough bluegrass. It is necessary to genetically characterize rough 
bluegrass for selecting parents for constructing mapping populations and for 
breeding programs. Genetic variation is the basis for breeding programs, and it is 
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important to identify genetically diverse plants for breeding purposes. Because the 
morphological characteristics are often influenced by environmental factors, 
parental selection should be based on genetic information that is reliable and 
consistent. 
Molecular markers are important tools in determining genetic diversity 
(Brummer et al., 1995), genetic mapping and linkage analysis of quantitative and 
qualitative traits (Grattapagalia and Sederoff, 1994), and in phylogenetic studies 
(Perez de la Vega, 1993). Randomly amplified polymorphic DNA (RAPD) marker 
analysis (Williams et al., 1990), based on the Polymerase Chain Reaction (PCR) with 
arbitrary primers, is used widely for analyzing genetic diversity in different 
outcrossing grasses, including buffalograss [Buchloe dactyloides (Nutt.) Engelm.] 
(Huff et al., 1993), switchgrass (Panicum virgatum L.) (Gunter et al., 1996), and 
perennial ryegrass (Lolium perenne L.) (Sweeny and Danneberger, 1997). These 
studies showed that RAPD markers can be used effectively for analyzing genetic 
diversity. 
Most of the cultivars of rough bluegrass were developed by using phenotypic 
recurrent-selection methods (Casler and Duncan, 2003). At present, there are no 
breeding efforts at the molecular level to improve the species. RAPD markers were 
used for the first time to study genetic variation in rough bluegrass to assess the 
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genetic diversity. Our primary objective was to analyze the genetic relationships 
among 27 rough bluegrass accessions and cultivars by using RAPD markers. 
Materials and Methods 
Plant materials and DNA extraction 
The plant materials were obtained from the Western Regional Plant 
Introduction Station (WRPIS), USDA, Pullman, W A. The analysis was performed on 
14 wild accessions and four varieties of P. trivialis, eight wild accessions of P. trivialis 
subsp. sylvicola and 1 wild accession of P. trivialis var. glabra. (Table 1). Bulked 
genomic DNA was extracted from young leaves of 16 individual plants for each 
accession according to the protocol of Dellaporta et al. (1983) with some 
modifications. The quantity and quality of genomic DNA were determined using a 
spectrophotometer and also by gel electrophoresis. 
PCR analysis 
PCR was performed in a Flexigene thermalcycler (Techne Ltd., Cambridge, 
U.K.). Amplification reactions were performed based on the protocol of Williams et 
al. (1990) with some modifications. PCR reaction mixtures of 25 ~1 contained 1 ~1 of 
100 ng DNA template, 1 ~1 of 50 mM Mgch, 2 ~1 of 2.5 mM dNTP, 1.0 unit Taq DNA 
polymerase (Invitrogen, Carlsbad, CA), 0.4 ~1 of a random primer (Operon 
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Technologies, Alameda, CA), 2.5 J..Ll of 10 X PCR buffer (200 mM Tris-HCl, 500 mM 
KCl, pH 8.0) and 17.9 J..Ll of distilled, deionized water. PCR reactions were 
performed as follows: initial denaturation of 5 min at 94 °C followed by 45 cycles of 
1 min at 94 oc, 90 sec at 37 °C, 1 min at 72 oc, followed by a final extension of 7 min 
at 72 oc and stored at 4 oc. The PCR fragments were separated on 1.5% agarose gel 
in Tris-Acetate-EDTA (TAE) buffer and stained with ethidium bromide. Agarose 
gels were photographed with UV light (UVItec Ltd., Cambridge, U.K) and printed 
on thermal papers. A 100 bp DNA ladder was used as a molecular weight size 
marker. All PCR reactions were repeated twice and only repeatable and bright 
polymorphic bands were scored. 
Eighty decamer oligonucleotide primers from Operon Technologies, Inc., 
(primer kits A, B, C, and D) were screened for polymorphisms against a subset of 
four randomly chosen accessions. Fifteen primers were selected for RAPD analysis 
on the basis of high polymorphisms observed, and these 15 primers were used to 
analyze all 27 accessions. 
RAPD data analysis 
Each polymorphic band were considered as binary character and scored as 1 
for presence and 0 for absence of band for each genotype, and they were entered as 
binary matrix. The binary data matrices were analyzed by using Numerical 
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Taxonomy and Multivariate Analysis System, NTSYS v.2.11s program (Rohlf, 2000). 
The data were analyzed using the SIMQUAL option based on Jaccard's coefficients 
to generate genetic similarity coefficients among all possible pairs and ordered in a 
similarity matrix (Jaccard, 1908). The similarity matrix was run on Sequential, 
Agglomerative, Hierarchical and Nested clustering, SAHN (Sneath and Sokal, 1973) 
using Unweighted Pair Group Method with Arithmetic average (UPGMA) as an 
option (Sokal and Michener, 1958) to generate a dendrogram. The MxCOMP 
subroutine was used to calculate cophenetic correlation between the similarity 
matrix and original matrix to measure goodness of fit. 
Principal Components Analysis (PCA) was run using SIMINT to generate a 
correlation matrix. This matrix was run on EIGEN to identify the eigen vectors and 
relationships between the accessions are interpreted as closeness of angles from the 
origin. This multivariate approach was chosen to complement the cluster analysis 
information, because cluster analysis is more sensitive to closely related individuals, 
whereas PCA is more informative regarding distances among major groups (Hauser 
and Crovello, 1982). 
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Results and Discussion 
Genetic variation of important turfgrasses, such as creeping bentgrass (Casler 
et al., 2003) and Kentucky bluegrass Gohnson et al., 2002) has been studied using 
RAPD markers. In this study, we used RAPD markers to analyze the genetic 
variation among 27 accessions of rough bluegrass which were collected from a wide 
range of geographical regions. Fifteen of the 80 primers screened were selected for 
DNA amplification reactions because they yielded many highly repeatable 
polymorphic bands. Out of seventy five bands, 64 bands (85 %) were polymorphic 
and were scored for analysis. These bands were entered into the binary matrix. All 
RAPD primers produced a small number of faint bands which were not scored for 
analysis. On average, 4.3 polymorphic bands for each primer were observed with 
the largest number of eight bands obtained for primer A13, and the lowest number 
of two bands obtained for primers B4, C16, C8 and Dll. None of the RAPD markers 
was specific to a particular geographical region. 
The high level of polymorphism revealed a high genetic variation among the 
rough bluegrass accessions. The dendrogram was constructed using UPGMA 
cluster analysis with one possible tie found between the closest pair (Fig 2). A 
cophenetic-value (ultrametric) matrix was generated from the coefficients of 
SAHN' s cluster analysis of the similarity matrix. The cophenetic correlation 
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coefficient between the cophenetic matrix and the data matrix for RAPD data was 
0.90. The cophenetic correlation coefficient (r) of 0.90 and above is considered as 
very good fit and shows that cluster analysis was a very good representation of the 
original matrix. The Jaccard's similarity coefficients ranged from 0.07 to 0.74. Since 
the similarity coefficient value is not close to 1 for any two accessions, there are no 
duplicates in this germplasm collection. 
The high similarity coefficient 0.74 existed between the accession PI 225826 
from Denmark and the accessions PI 289643 from Spain, PI 592521 from U.S.A. This 
high similarity among these accessions was in agreement with the results of cluster 
analysis because these three accessions were grouped in the same cluster 2 (Fig 1). 
Both Denmark and Spain are in Europe and share similar climatic conditions such as 
snowy and rainy winters and hot, dry summers. These factors could have caused 
less genetic variation between these two accessions. The accession PI 592521 from 
U.S.A is a cultivar named 'Proam' that was developed in the United States where the 
seeds were imported from Europe (Casler and Duncan, 2003) so we speculate that 
the accession PI 592521, could have had one of its parents from Europe. This might 
have resulted in close relationship among the accessions PI 592521 from U.S.A with 
other accessions from Europe such as PI 225826 from Denmark, PI 289643 from 
Spain. 
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From the Jaccard's similarity coefficients analysis, the accession PI 594396 
(U.S.A) and the accession PI 254908 (Iraq) have the lowest similarity coefficient of 
0.07 in the germplasm collection. The accession PI 594396 from the United States is a 
cultivar named 'Sabre' which was developed from ten clones selected from golf 
course putting greens and fairways, close-cut lawns, and tennis courts located in the 
northeastern United States by three cycles of phenotypic recurrent selection 
(Dickson et al., 1980). This could have caused the cultivar to increase the gene 
frequency under selection for characters that include winter hardiness, rapid 
germination, and good seedling vigor, and these changes could have affected the 
genetic composition. Breeding efforts and natural selection pressures could have 
made these two accessions genetically more diverse than they otherwise would be. 
There is also the lowest genetic similarity coefficient of 0.07 between accession PI 
254908 (Iraq) and accessions PI 250982 (Yugoslavia), PI 229782 (Iran). This may be 
due to lack of genetic exchange, genetic introductions, and highly extreme 
environmental conditions existing among these countries. 
The dendrogram shows that the cluster 3 have accessions whose geographic 
origins were closely related to the clustering pattern. For example, the accessions PI 
227672 from Iran and PI 204484 from Turkey that were clustered have a high 
similarity coefficient of 0.63 and were geographically close to each other. Similarly, 
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the accession PI 229775 from Iran that clustered with PI 221915 from Afghanistan 
has a high similarity coefficient of 0.73 and these countries were not geographically 
distant. 
Cluster 4 with accession PI 303062 from Denmark clustered with accession PI 
594396 from U.S.A. There is a high similarity coefficient of 0.50 between these two 
accessions. This is consistent with results from PCA where the angle between the 
two accessions was very close. The accession PI 303062 is a cultivar 'Ino 
daelmfeldts' that was imported into the United States from Europe (Casler and 
Duncan, 2003). As mentioned above the parents of the accession PI 594396 ( cv 
'Sabre') have been selected from golf courses, lawns, and tennis fields that could 
have caused a close relationship between these two accessions. 
To confirm the genetic relationships among 27 rough bluegrass accessions 
using RAPD markers, PCA was generated from the EIGEN as an option using the 
NTSYS program (Fig 2). PCA clearly separated the 26 accessions into 4 clusters and 
remaining 1 accession PI 254908 from Iraq did not group with any other clusters. 
These results corresponded well with the cluster analysis obtained through UPGMA 
and showed that the accession PI 254908 was genetically distinct from other 
accessions. 
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The eight accessions of the subspecies sylvicola, which were morphologically 
similar among themselves, were collected from different parts of the world. These 
eight accessions did not form a single cluster in the dendrogram as expected. The 
genetic similarity coefficients between these eight accessions ranged from 0.32 to 
0.69 which shows that these accessions were genetically diverse. Because all the 
accessions under subspecies sylvicola did not form a single cluster and have a wide 
range of genetic variations among them, the morphological classification does not 
seem to agree with the genetic relationships revealed through molecular analysis. 
To our knowledge, this is the first research done at molecular level for rough 
bluegrass analyzing among accessions variation. In conclusion, information on 
genetic relationships revealed through this study should be useful for selection of 
parents for hybridization and other breeding objectives. Our data suggest that 
RAPD markers are suitable to assess genetic diversity among accessions of rough 
bluegrass germplasm collections. This paper reveals important information about 
genetic diversity of rough bluegrass accessions and cultivars that were collected 
from different parts of the world. Future studies that include more accessions and 
varieties with broader geographical background and comparison of genetic 
relationships with morphological characteristics may reveal more information and 
will help in developing a greater understanding of this unexploited species. 
42 
Acknowledgements 
The authors wish to thank Dr.R.C.Johnson of USDA, ARS, WRPIS, Pullman, WA, 
U.S.A, for providing the seeds for this research. We also wish to thank Yanwen 
Xiong and Dr. Jyothi Rajagopalan for their technical assistance. 
References 
Ahmed, M.K., Jelenkovic, G., Dickson, W.R., and Funk, C.R. 1972. Chromosome 
morphology of Poa trivialis. Can. J. Genet. Cytol. 14:287-291. 
Brummer, E. C., Bouton, J.H., and Kochert, G. 1995. Analysis of annual Medicago 
species using RAPD markers. Genome 38:365-367. 
Casler, M.D. and Duncan, R.R. 2003. Turfgrass Biology, Genetics, and Breeding. 
John Wiley and Sons, Inc., New Jersey. 
Casler, M.D., Rangel, Y., Stier, J.C., and Jung, G. 2003. RAPD marker diversity 
among creeping bentgrass clones. Crop Sci. 43:688-693. 
Christians, N.E. 2004. Fundamentals of Turfgrass Management. 2nd ed. John Wiley 
and Sons, Inc., New Jersey. 
Dellaporta, S.L., Wood, J., and Kick, J.B. 1983. A plant DNA minipreparation: 
version II. Plant. Mol. Bioi. Reports 1:19-21. 
43 
Dickson, W.K., Pepin, G.W., Engel, R.E., and Funk, C.R. 1980. Registration of 'Sabre' 
roughstalk bluegrass. Crop Sci. 20:668. 
Grattapagalia, D., and Sederoff, R. 1994. Genetic linkage maps of Eucalyptus grandis 
and Eucalyptus urophylla using a pseudo testcross: mapping strategy and 
RAPD markers. Genetics 137:1121-1137. 
Grime, J.P. 1980. An ecological approach to management. pp. 13-17. In I.H. Rorison 
and R. Hunt, eds. Amenity grassland, and ecological perspective. John Wiley and 
Sons, New York. 
Gunter, L.E., Tuskan, G.A., and Wullschleger, S.D. 1996. Diversity among 
populations of switchgrass based on RAPD markers. Crop Sci. 36:1017-1022. 
Hauser, L.A. and Crovello, T.J. 1982. Numerical analysis of genetic relationships in 
Thelypodieae (Brassicaceae). Sys Bot. 7:249-268. 
Hubbard, C.E. 1954. Grasses. Penguin Books, Inc. Baltimore, MD. 
Huff, D.R., Peakall, R., and Smouse, P.E. 1993. RAPD variation within and among 
natural populations of outcrossing buffalograss [Buchloe dactyloides (Nutt.) 
Engelm.]. Theor. Appl. Genet. 86:927-934. 
Jaccard, P. 1908. Nouvelles recherches sur la distribution florale. Bull.Soc.Vaud. 
Sci. Nat. 44:223-270. 
44 
Johnson, R.C., Johnson, W.J., C.T. Golob, Nelson, M.C., and Soreng, R.J. 2002. 
Characterization of the USDA Poa pratensis collection using RAPD markers 
and agronomic descriptors. Genet. Res. Crop Evol. 49:349-361. 
Perez de la Vega, M. 1993. Biochemical characterization of populations. In: M.D 
Hayward., Bosemark, N.O., Romagosa, I. (eds). Plant breeding. Principles 
and prospects. Chapman and Hall, London. 
Rohlf, F.J. 2000. NTSYS-pc numerical taxonomy and multivariate analysis system 
version 2.1 Manual. Applied Biostatistics, Inc. New York. 
Sneath, P.H.A., and Sokal, R.R. 1973. Numerical taxonomy. Freeman, San Francisco. 
Sokal, R., and Michener, C. 1958. A statistical method for evaluating statistical 
relationships. Univ Kansas Sci Bull. 38:1409-1438. 
Sweeny, P.M. and Danneberger, T.K. 1997. RAPD markers from perennial ryegrass 
DNA extracted from seeds. HortScience 32:1212-1215. 
Vergara, G.V. and Bughrara, S.S. 2003. AFLP analyses of genetic diversity in 
bentgrass. Crop Sci. 43:2162-2171. 
Williams, J.G.K., Kubelik, A.R., Kivak, K.J., Rafalski, J.A., and Tingey, S.V. 1990. 
DNA polymorphisms amplified by arbitrary primers are useful as genetic 
markers. Nucleic Acids Res. 18:6531-6535. 
45 
Table 1. List of Plant Introductions (PI) and their country of origin of rough 
bluegrass (P.trivialis). 
RAPD PI SpeciesN ariety Origin 
number* number 
1 578852 Poa trivialis/ Polis The Netherlands 
2 220615 Poa trivialis subsp. sylvicola Afghanistan 
3 254908 Poa trivialis Iraq 
4 221908 Poa trivialis Afghanistan 
5 229719 Poa trivialis Iran 
6 251407 Poa trivialis Iran 
7 250982 Poa trivialis Yugoslavia 
8 225826 Poa trivialis Denmark 
9 251167 Poa trivialis Yugoslavia 
10 592521 Poa trivialis I Proam The United States 
11 422592 Poa trivialis Morocco 
12 227462 Poa trivialis subsp. sylvicola Iran 
13 229775 Poa trivialis subsp. sylvicola Iran 
14 221915 Poa trivialis Afghanistan 
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Table 1. (Cont.) 
15 303062 Poa trivialis/ Ino daelmfeldts Denmark 
16 283962 Poa trivialis subsp. sylvicola Former Soviet 
Union 
17 227858 Poa trivialis Iran 
18 380992 Poa trivialis subsp. sylvicola Iran 
19 314174 Poa trivialis subsp. sylvicola Former Soviet 
Union 
20 289643 Poa trivialis subsp. sylvicola Spain 
21 380994 Poa trivialis subsp. sylvicola Iran 
22 221951 Poa trivialis Afghanistan 
23 380993 Poa trivialis Iran 
24 229782 Poa trivialis var. glabra Iran 
25 227672 Poa trivialis Iran 
26 204484 Poa trivialis Turkey 
27 594396 Poa trivialis I Sabre The United States 
* RAPD number indicates the numbers used for identifying accessions in the genetic 
distance analysis. 
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Table 2. Pair-wise genetic similarity matrix between 27 rough bluegrass 
accessions based on Jaccard's coefficients. 
number* 1 2 4 5 6 7 8 9. 10 11. 12 13 14 15 16 17 18 19 20 21[ 22' 23 24 25 26 27 
1 1.00 
2 0.33 LOO 
3 0.11 0.08 100 
4 0.36 0.59 0.09 1.00 1 
l 
5 0.29 0.50 0.13 0.50 1.00 
6 0.29 0.60 0.10..2:,65 0 601 1.00 
7 0.27 0.51 0,07 0.60 0.56 0.58 1.00 
8 0.43 0.53 0.18 0.56 0.57. 0.59 0.55 1.00 
9 039 0.55 0.11 0.61 0.63 0.68 0.67 0.68 1.00 
10 0.36 0.60 0 15 0.53 0.54 0.54 0.59 0.74 0.66 1.00 
11 0.45 039 0.09 0.40 0.40 0.48 0.42 0.48: 0.50! 0.41 1.00 
12 032 0.49 0 12 0.61 0.47 0.59 0.57 0.50 0.52' 0.47 0.40 1.00 
13 036 0.54 0 14 071 0 64 0 65: 0 65 0.63: 0 68. 0.60 0.46 0.69' 1.00 
14 0.20 0.44. 0.19 0.57 0.53 0 61 0.57 0.58 0.54 0.47 0.38 0.57' 073! 100 . 
15 o.n 0.47 o.o9 0.47 OJ9 0.45 0.43 o.sl o.s3 o.sr 0.38 0.42 0.49 0.47 1.00 
16 0.29 0.41' 0.13 0.51 0.46 0.49 0.57 0.46 10.51 0.43 0.29 0.58 0.50 0.51 0.49 1.00 
17 0 20 0.41 0.13 0.51 0.56 0.58 0.53 0.43. 0.5L 0.49 0.38 0.48, 0.59 0.54 037' 0.40 1.00 
...... , ..... ,.. .. ... , ~·: .. 
18 0.34 0.54 0 08· 0.50 044 0.51 0.63. 0.481 0.57 0.55. 0.40 0.60 0.58 0.47 0.39 0.49 0.42. 1.00 
19 0.23 0.58 0.11 0.57 0.46 0.61 0.50 0.460.51 0.46 039. 0.64. 0 64. 0.54 0.43 0.41 0.50 0.49 1.00 
20 036i 0.57 0.15 0.53 0 65 0.67 0.59 0.74 0 73.0.64 0.48 0.56! 0 601_0,~3 .. 2~~ 0.46 0.49 0.45 0.52 1.00 
21 0.40' 0.53 0.22 035 0.40 0.47 0.41 0.53 0.49 0.50 0.46 0.46 0.51! 0.43 035 032 0.29 0 54 0.48 0.57 1.00 
22 0.261 0.53 0.13 0.65 0.54 0.69 0.55 0.51 0.58 0.51 039 0.56 0.72 0.55 0.43 0.43: 0 65 0.48 0 67 0.57 0.44 1.00 
23 0.28 0.49 0 10. 0.46 0.41 0.44 0.45 0.4<4_ .. 0.46 0.53 036 0.43 0.48 039 044 033 0.42 OJ8Q~<4.2 0.44 0.36 0.53 1.00 
24 0.30 0.53 0,07 0.59 0.48 0.57 0.52 0.45 0.59 0.51 035 0.53 0.63 0.50 0.42 0.49 0.52 0.48 0 62, 0.42 0.40 0.60. 0.50 1.00 
25 028,044 011 0.62 0.48 0.540.46 0.54 0.56 0.54 0.41 0.63 0.63 0.55 0.43; 0.40 0.49 0.42 0.58 0.48 0.33 0.54:0.44 0.54:...100 
26 0.28 0.49 0.13 0.49 0.57 0.47 0.51 0.50 0.55 0.47 0.43: 0.52 0.60 0.49 038 0.42 
27 0.31 0.52 0.07 0.41 0.41 0.47, 0.48 0.53, 0.52 0.57 0.40. 0.49 10.43 034 0.50 0.42 0.33 0.47 0.45 0.47 0.42 044 0.46 0.44 0.53 0.49' 1.00 
*See Table 1. for the identification of accessions/cultivars. 
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Fig 1. UPGMA dendrogram of 27 accessions of rough bluegrass based 
1 
2 
3 
4 
RAPD data. The dendrogram was constructed using the Jaccard's similarity 
coefficients matrix. 
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Fig 2. Association between 27 rough bluegrass accessions revealed by PCA using 
the Jaccard's similarity coefficients based on the RAPD data. The eigenvectors are 
plotted for 27 accessions and the association between them is interpreted as 
closeness of angles from origin. 
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CHAPTER 4. GENERAL CONCLUSIONS 
RAPD study of the 27 accessions of rough bluegrass showed that genetic 
similarity coefficients ranged from 0.07 to 0.74, an indication of the existence of wide 
variation among accessions. Dendrogram clearly separated 26 rough bluegrass 
accessions into 4 clusters and 1 accession PI 254908 did not group with any other 
clusters. Principle coordinates analysis (PCA) corresponded well with cluster 
analysis. A high cophenetic correlation coefficient of 0.90 indicated a very good fit 
between data matrix and cluster analysis. 
For colonial bentgrass, the similarity coefficients ranged from 0.13 to 0.72 
which also reflects the existence of extensive variations among accessions. 
Dendrogram clearly separated 26 accessions into three clusters and 1 accession PI 
628720 did not group with any other clusters. PCA corresponded well with cluster 
analysis. The cophenetic correlation coefficient of 0.82 represented a good fit 
between the RAPD data matrix and cophenetic matrix. 
RAPD marker analysis proved that there is no duplication of accessions in 
either rough bluegrass or colonial bentgrass germplasm collection because there is 
no similarity coefficient value close to one between any two accessions. RAPD 
marker analysis appears to be able to reveal high genetic diversity in rough 
51 
bluegrass and colonial bentgrass accessions, however, comparison of molecular data 
with morphological data will provide more information and will help us to 
understand these unexploited species. 
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APPENDIX A. PRIMER DESIGNATION AND SEQUENCE INFORMATION 
OF THE PRIMERS USED FOR RAPD ANALYSIS IN COLONIAL BENTGRASS. 
Primer Sequence 
Al CAGGCCCTTC 
A2 TGCCGAGCTG 
A7 GAAACGGGTG 
A9 GGCTAACGCC 
A14 TCTGTGCTGG 
A20 GTTGCGATCC 
B8 GTCCACACGG 
Bll GTAGACCCGT 
B14 TCCGCTCTGG 
B18 AGGGAACGAG 
C8 GAACGGACTC 
Cll TGGACCGGTG 
C14 TGCGTGCTTG 
C15 AAAGCTGCGG 
C19 GTTGCCAGCC 
DS TGAGCGGACA 
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APPENDIX B. PRIMER DESIGNATION AND SEQUENCE INFORMATION OF 
THE PRIMERS USED FOR RAPD ANALYSIS IN ROUGH BLUEGRASS. 
Primer Sequence 
AI3 CAGCACCCAC 
BI GTTTCGCTCC 
B4 CATCCCCCTG 
BIO GGACTGGAGT 
BIS CTGCTGGGAC 
BI7 GGAGGGTGTT 
BIB AGGGAACGAG 
cs CCACAGCAGT 
C6 GATGACCGCC 
C8 GAACGGACTC 
Cll TGGACCGGTG 
CIS AAAGCTGCGG 
C20 GACGGATCAG 
Dll ACTTCGCCAC 
DIS AGCGCCATTG 
54 
ACKNOWLEDGEMENTS 
I would like to gratefully acknowledge the enthusiastic supervision of 
Dr.Shui-zhang Fei during this research. I like to thank my Co-major advisor 
Dr.Nick E.Christians for his suggestions and guidance throughout my research 
work. I also wish to thank my committee members Dr.Charles E.Brummer and 
Dr.David J.Hannapel for making my graduate study successful. I would like to 
thank my colleagues Yanwen Xiong, Robert Wieners for their friendship and 
support. I like to thank Dr.Jyothi Rajagopalan for her technical assistance and 
support. I would to thank my parents R.Rajasekar and R.Vathsala and my 
friends for their love, care and support. 
